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ABSTRACT: Few-layer two dimensional (2D) molybdenum oxide nanoflakes are exfoliated 
using a grinding assisted liquid phase sonication exfoliation method. The sonication process 
is carried out in five different mixtures of water with both aprotic and protic solvents. We 
found that surface energy and solubility of mixtures play important roles in changing the 
thickness, lateral dimension as well as the synthetic yield of the nanoflakes. We demonstrate 
an increase in proton intercalation in 2D nanoflakes upon simulated solar light exposure. This 
results in sub-stoichiometric flakes and a subsequent enhancement in free electron 
concentrations, producing plasmon resonances. Two plasmon resonance peaks associated 
with the thickness and the lateral dimension axes are observable in the samples, in which the 
plasmonic peak positions could be tuned by the choice of the solvent in exfoliating 2D 
molybdenum oxide. The extinction coefficients of the plasmonic absorption bands of 2D 
molybdenum oxide nanoflakes in all samples are found to be high (ε > 109 L.mol-1.cm-1). It is 
expected that the tunable plasmon resonances of 2D molybdenum oxide nanoflakes presented 
in this work can be used in future electronic, optical, and sensing devices.    
KEYWORDS: two-dimensional, molybdenum oxide, solar light, plasmon resonance, 
extinction coefficient, biosensing 
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1. INTRODUCTION 
Plasmons are the collective oscillations of valence electrons in conducting materials,1 which 
provide opportunities to create sensitive measurement tools and new technologies in optics, 
photo-thermal therapy, chemical sensing and biosensing.2-6 The recent demonstration of 
plasmon resonances in two dimensional (2D) materials have presented several advantages 
over the conventional noble metal plasmonic systems, in particular the in situ tunability of 
plasmon resonance peaks.4, 7-8 2D materials are planer structures with relatively large aspect 
ratios (lateral dimension/thickness).9-10 These planes are made of covalently bound atoms 
arranged in layers.11-12 If these 2D materials are made of more than one plane stacked on top 
of each other, then such planes are held together by weak van der Waals forces.12-13 2D 
materials can show unique electronic and optical properties when the number of planes are 
reduced, due to changes in the electronic band structure.11 Furthermore many 2D materials, 
such as graphene and transition metal dichalcogenides, demonstrate a plasmon resonant peak 
within the mid-infrared and terahertz (THz) range in their intrinsic state.1, 7, 14 The plasmon 
resonances in these materials are limited to the low energy spectrum due to insufficient free 
charge carrier concentrations,1-2, 7, 14-16 which limits the practical applications of plasmonics 
in these types of materials as THz light sources, detectors and spectrometers are not 
commonly accessible.15-17  
Reduction of the material thickness in 2D materials can however lead to alterations in their 
plasmon dispersion relation.4, 13 Plasmon dispersion is highly dependent on the geometrical 
configuration of the nanostructures.5, 18-19 Theoretically, the existence of one large 
depolarization factor in the thickness axis of 2D materials can be used to tune the plasmon 
resonance response into the visible and near-infrared (NIR) regions, provided that a 
sufficiently large free charge carrier concentration is present in the material.4 Obtaining 
plasmon resonances in the visible and NIR regions is an important goal for the development 
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of future sensing and plasmonic data processing units, as these wavelengths are commonly 
used in standard optical systems.4 Methodologies including heterostructuring and gating can 
also effectively tune 2D materials by altering their free charge carrier concentration.20 
However, plasmon resonant wavelengths responses utilizing these methods are still limited to 
the mid- and far-infrared regions.1, 21 
Ion intercalation has so far been shown to be the best method to increase the free charge 
carrier concentrations in 2D material to achieve plasmon resonances in the visible and NIR 
regions.4 We have already shown that both the electrochemical and photochemical methods 
can be used for achieving intercalation at desired levels in 2D metal oxides and 
dichalcogenides.3-4 However, the means to gain the desired tunability for NIR and visible 
light plasmon resonances is yet to be fully investigated.  
Free electron concentrations in 2D molybdenum oxide (MoO3) can be significantly increased 
by inducing oxygen vacancies using H+ ion intercalation into the interlayer spacing of this 
material.4, 22 We previously demonstrated quasi-metallic 2D sub-stoichiometric molybdenum 
oxide (MoO3-x) nanoflakes (x is the sub-stoichiometric level) synthesized utilizing grinding 
assisted liquid phase exfoliation (LPE) in water based solvents in the presence of simulated 
solar light.4 We showed the emergence of strong plasmon resonance peaks in the visible 
range as a result of high sub-stoichiometric levels,4 subsequently demonstrating tunability of 
these plasmon resonance peaks by exposing 2D flakes to different solar light exposure 
durations.4 The electron-hole pairs which are formed upon photo-excitation of MoO3 by 
simulated solar light and the photogenerated holes oxidize water molecules to produce 
oxygen and proton entities.22 The photo-excited electrons remain in the conduction band 
(CB), providing the driving force for the H+ intercalation into the nanoflakes.22 The 
intercalated H+ ions predominantly bind to edge-shared oxygen and terminal oxygen atoms, 
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establishing intermediate OH2 groups.23-24 These unstable OH2 groups are eventually released 
from their original positions in the crystal lattice and consequently forming MoO3-x.22-24 
Compounds of MoO3-x (0 < x ≤ 0.125), such as Mo9O26 and Mo8O23 are n-doped 
semiconductors (free electron concentration of ~ 1020-1021 cm-3).22 However, other sub-
stoichiometries of this compound with higher x (0.125 ≤ x < 1) show quasi-metallic behavior 
(free electron concentration of ~ 1022 cm-3).22 
Successful LPE of a stratified material depends on overcoming van der Waals attraction 
forces between the adjacent layers.9, 25-26 This requires either an initial increase between the 
interlayer spacing (that occurs through intercalation)3-4 or a solvent with matching surface 
tension properties.25, 27 The LPE process is facilitated by intense ultrasonic waves, which 
generate cavitation bubbles that collapse to produce high-energy jets, breaking up the layered 
crystallites culminating in exfoliated nanosheets with different lateral dimensions and 
thicknesses.9, 23, 26-28  
In the exfoliation process, it has been shown that similarity in the surface energy and Hansen 
solubility parameters (HSP) of the solvent and the target material strongly affect the 
efficiency of the exfoliation.25, 29-30 As a result, the choice of exfoliation solvent can play an 
important role in directing the plasmonic properties of 2D molybdenum oxide nanoflakes. 
Moreover, different HSP and surface energy components can alter the lateral dimensions and 
thickness of the flakes as well as the exfoliation yield,10, 26 and hence can vary the plasmon 
dispersion relation.4, 31-33 On the other hand, the change of solvent affects the water photo-
oxidation process and potentially the degree of H+ ion intercalation in 2D molybdenum oxide 
nanoflakes upon solar light illumination.  
In mixtures of water and protic solvents, the oxidation reaction of the selected solvents 
competes34 with the water oxidation reaction,22 causing a reduced degree of H+ intercalation 
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and lower sub-stoichiometric levels in 2D molybdenum oxide nanoflakes. However, in 
mixtures of water and aprotic solvents, the oxidation reaction in selective solvents is 
relatively limited,35-36 where the water oxidation reaction and sub-stoichiometric levels in 2D 
molybdenum oxide nanoflakes are in high degrees. This can generate higher free-electron 
concentrations and push the plasmonic resonance peak locations into the visible light region.4  
In this study, we synthesized 2D molybdenum oxide nanoflakes via LPE in five mixtures of 
water with either aprotic or protic solvents. The samples were exposed to solar light for a 
fixed duration (2 h) and power intensity. Also, we characterized the plasmonic properties in 
relation to the samples’ morphological parameters and free electron concentrations. The 
plasmonic biosensing performances were also investigated, in which bovine serum albumin 
(BSA) was used as a representative protein target. 
  
2. EXPERIMENTAL SECTION 
Synthesis of 2D Molybdenum oxide nanoflakes: MoO3 powder (99% purity, China Rare 
Metal Material Co.) was ground with five different solvents, specifically N-methyl-2-
pyrrolidone (NMP), acetonitrile, methanol, ethanol and isopropyl alcohol (IPA), respectively. 
The grinding ratio was 3 g of the power in 0.6 mL solvent and the duration was 30 min. The 
five samples were then dispersed in 45 mL of NMP/water, acetonitrile/water, methanol/water, 
ethanol/water and IPA/water mixtures (50:50 v/v) respectively, and subjected to probe-
sonication (Ultrasonic Processor  Qsonica Q500) for 120 min at 125 W. Subsequently, they 
were centrifuged at 3,220×g for 30 min at room temperature. The five supernatant samples 
containing high concentrations of 2D MoO3 flakes were collected and transferred into small 
glass vials of 10 mL volume each, which were then irradiated under a solar simulator (Abet 
Technologies LS-150) for 2 h. 
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Characterization: Digital Instruments D3100 atomic force microscopy (AFM) was used to 
investigate the surface morphology of drop-casted nanoflakes. Raman spectra were obtained 
micro-Raman spectrometer (Renishaw InVia microscope) with a 1200 lines per mm blazed 
grating and a 1 mW laser excitation source at 514 nm. The baseline of Raman spectra were 
corrected by using Matlab (The Math Works, Natick MA, USA).37 Acquisitions were carried 
out for 10 s with two averages using a ×20 magnification lens. The nanoflake suspensions 
were diluted and their average lateral dimensions were measured using dynamic light 
scattering (DLS) technique (ALV 5022F spectrometer). The X-ray diffraction (XRD) patterns 
were collected using a Bruker D4 ENDEAVOR with monochromatic Cu Kα as radiation 
source (λ = 0.154 nm). X-ray photoelectron spectroscopy (XPS) was performed using a 
Thermo scientific K-Alpha instrument equipped with a monochromated aluminium K-α 
source (1486.7 eV). A pass energy of 20 eV was selected and the binding energy of the Mo2p 
peaks was shifted so that the adventitious C1s peak was aligned to 284.8 eV. The supernatant 
containing 2D molybdenum oxide flakes were dropped onto Cu grid sample holders for high 
resolution transmission electron microcopy (HRTEM, using a JEOL 2100F) characterization. 
HRTEM images were acquired using a Gatan Orius SC1000 CCD Camera. Electron energy 
loss spectroscopy (EELS) was performed using a Gatan Imaging Filter (GIF) Tridium 
Spectrometer. To conduct EELS experiments, a high-angle annular dark field (HAADF)-
scanning transmission electron microscopy (STEM) image of the region of interest was first 
obtained. A small area map was then acquired across the nanoflakes, and the total number of 
data points was determined such that one spectrum was collected at every 2 nm interval. The 
zero loss peak (ZLP) of each spectrum was aligned using a digital micrograph and removed 
using the reflected tail model. Spectra within small areas of the map were then summed to 
improve the signal to noise ratio. The photoelectron spectroscopy in air (PESA) 
measurements were conducted on drop-casted samples on glass slides and were measured 
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using a Riken Keiki Model AC-2 PESA spectrometer with power setting of 100 nW and 
plotted using a power number of 1/3, appropriate for semiconducting materials. Absorbance 
spectra were measured using an UV−Vis−NIR microspectrophotometer (CRAIC 20/30 PV). 
Zeta potentials of the mixtures were determined using a Zetasizer Nano ZS equipment 
(Malvern Instruments, Worcestershire, UK). 
Thermogravimetric analysis (TGA) preparation: 24 mL of each suspension of 2D 
molybdenum oxide flakes was transferred onto 24 small centrifuge tubes of 1 mL. The 24 
tubes were centrifuged at very high speed of 21,000×g for 60 min (Labogene-1524). A 
complete process is described in detail in the Supporting Information. 
BSA preparation: To assess the biosensing capability of 2D molybdenum oxide flakes, 2 mL 
of BSA solutions (Invitrogen) with concentrations of 0.25, 2.5, 5 and 10 mg mL−1 were 
incubated with 1 mL solutions of the irradiated suspended containing 2D molybdenum oxide 
nanoflakes for 1 h in different mixtures. 
 
3. RESULTS AND DISCUSSIONS 
3.1 Morphological characterizations of 2D molybdenum oxide nanoflakes. The lateral 
dimensions and thicknesses of 2D molybdenum oxide nanoflakes before (initial) and after 2 h 
exposure to solar illumination in different solvent/water mixtures were investigated using 
TEM, DLS and AFM. Figure 1a shows TEM images of 2D molybdenum oxide flakes in 
different mixtures before and after 2 h of solar illumination. Importantly, we can see different 
surface morphologies and shapes of the nanoflakes with various dimensions in different 
mixtures.32 The average lateral dimensions before and after solar illumination (Figure 
1b) are extracted from the statistical analysis of the flake size distribution obtained 
from both DLS and TEM measurements (Figures S1 and S2). We observe a decrease 
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trend in size following the sample order of NMP/water, acetonitrile/water, methanol/water, 
ethanol/water and IPA/water (Table S1). The largest average lateral dimension of the initial 
molybdenum oxide nanoflakes is found to be ~450 nm for the NMP/water mixture, while the 
smallest is ~200 nm in the IPA/water mixture. However, after 2 h of solar light illumination, 
the lateral dimensions of the flakes are reduced in both NMP/water and IPA/water mixtures 
to ~380 and ~80 nm, respectively. 
 
Figure 1. (a) TEM images of the initial nanoflakes and after solar illumination in different 
solvent/water mixtures (scale bars: 50 nm). (b) The average lateral dimensions of 2D 
molybdenum oxide nanoflakes measured by DLS and TEM before and after 2 h solar 
illumination in different solvent mixtures. (c) The average thickness of the 2D nanoflakes 
before and after solar illumination in different mixtures obtained using AFM analysis. 
  
AFM analysis confirmed the formation of 2D structure regardless of the choice of exfoliation 
solvent (Figures S3 and S4). Figure 1c shows the average AFM thickness of the 
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molybdenum oxide flakes exfoliated in different solvent mixtures before and after 
solar illumination extracted from the statistical analysis of the flake thickness 
distribution shown in Figures S3 and S4. Notably, this follows a similar trend to the 
observed changes to the lateral dimension (Table S1). The largest average thickness of the 
initial molybdenum oxide nanoflakes is found to be ~26 nm in NMP/water mixtures, while 
the smallest is ~7 nm in IPA/water. However, after the solar illumination, the average 
thicknesses of these flakes are reduced to ~20 and ~4 nm, respectively.22 This is due to the 
photo-enhanced H+ intercalation, leading to further exfoliation.22 Moreover, the rapid process 
of H+ intercalation in the presence of solar light causes the formation of OH2 groups and then 
oxygen vacancies in molybdenum oxide nanoflakes,22 which results in crystal deformation 
and cracking in both intra-layer and inter-layer directions38 hence reducing the lateral 
dimension and thickness of the flakes.22  
As the exfoliated material is 2D, with a lateral dimension in the order of hundreds of 
nanometers, the interaction between the solvent and nanoflakes is assumed to primarily occur 
at the basal plane surface.39 A model to describe the balance of van der Waals intercalations 
is based on the enthalpy of nanoflake dispersion mix (ΔHmix) in the solvent per volume of the 
mixture (Vmix) as follows:26, 39  
    Tf ≈ 2𝑉𝑚𝑖𝑥Δ𝐻𝑚𝑖𝑥  × ��𝛾𝑠 − √𝛾f�2 × 𝜙                                             (1) 
where Tf is the nanoflake thickness, 𝜙 is the dispersed nanoflake volume fraction, and 𝛾s and 
𝛾f are the total surface energies of solvent and nanoflakes, respectively. 
The surface energies of the initial solvent/water mixtures are presented in Table S2, and their 
values are all higher than the surface energy of MoO3 (54-62 mJ/m2).40 From equation (1), we 
expect a minimal energy cost of exfoliation for solvent/water mixtures whose surface energy 
close to MoO3.26 In addition, the thickness of the nanoflakes is quadratically dependent on the 
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difference between surface energy of the solvent and MoO3 (Figure 1c). As predicted, the 
lateral dimension and thickness of the exfoliated nanoflakes are reduced concomitantly with a 
lowering of the surface energies of the mixtures in the order of NMP/water, 
acetonitrile/water, methanol/water, ethanol/water, and IPA/water, where the closest surface 
energy to MoO3 is found to be in IPA/water mixtures corresponding to smallest size and 
thickness. 
On the other hand, the similarity in HSP parameters of the mixtures and molybdenum oxide 
can be related to the exfoliation yield of the nanoflakes. The dispersion of nanoflakes in 
liquid mixtures can be partially predicted by the HSP theory,39, 41 which is a semi-empirical 
equation to present the dissolution behavior.39, 41 The interaction distance (Ra) between 
Hansen parameters is used for evaluating the level of adaptation between the suspension and 
the solvent as:41-42 
                    Ra = �[4 × (𝛿DS − 𝛿DF)2 + (𝛿PS − 𝛿PF)2 + (𝛿HS − 𝛿HF)2]                            (2) 
Three HSP parameters are used for describing the character of a solvent (𝛿S) and a flake 
material (𝛿F) with the respect to dispersive (δD), polar (δP), and hydrogen-bonding (δH) 
solubility parameters. The smaller the Ra value leads to higher expected solubility and hence 
larger production yield. Also, the concentration (C) of 2D materials dispersed in the mixture 
is maximized when the solubility parameters for the mixtures and 2D material match, which 
can be approximated by:30, 39 
                                           C ∝ exp �− 𝑣F 
3𝑘𝑇
(𝛿TS − 𝛿TF)2�                                    (3) 
where δTS and δTF represents the Hildebrand solubility parameters of solvent and MoO3 
flakes, and vF represents the molecular volume of the MoO3 flakes. For 2D MoO3, its 𝛿TF is 
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estimated to be 20.7 MPa1/2  from similar examples.30 Its HSP parameters are δDF = 17.8 
MPa1/2, δPF = 8 MPa1/2, and δHF = 6.5 MPa1/2.30, 39  
From equations (2) and (3), the trend for Ra and (δTS − δTF) values are extracted from HSP 
and Hildebrand solubility parameters to confirm that it follows the order of NMP/water, 
acetonitrile/water, IPA/water, ethanol/water, and methanol/water, respectively (Table S3). 
Notably, this indicates that the highest production yield of 2D MoO3 nanoflakes is realized 
for the NMP/water mixture, while the lowest production yield is obtained from the 
methanol/water mixture. 
 
This is experimentally validated using thermogravimetric analysis (TGA) to determine the 
exfoliation yield.22 Measuring the yield of exfoliated material is not trivial, since classical 
methods can lead to incorrect estimations. Photometric analysis is not accurate due to size 
dependent spectral changes of MoO3 nanoflakes. Wet chemical analysis and inductively 
coupled plasma mass spectrometry (ICP-MS) or atomic absorption spectroscopy can also 
result in misleading values, since both MoO3 nanoflakes and dissolved molybdic acid are 
present in the suspensions and cannot be distinguished by those methods. Finally, gravimetric 
techniques are impacted by the large amount of surface bound solvent molecules, which can 
constitute up to 70% of the dried sample.28 Quantitative gravimetric analysis using TGA can 
overcome this limitation and lead to a more accurate estimation of the yield (see the process 
in Note 1 and Figures S5 and S6). The yields of the 2D MoO3 flakes are measured as ~0.033, 
~0.022, ~0.018, ~0.006, and ~0.004 mg mL-1 in NMP/water, IPA/water, ethanol/water, and 
methanol/water, and acetonitrile/water mixtures, respectively. The experimental trend (Figure 
S6) matches the calculated parameters (Table S2) except for the case of the acetonitrile/water 
mixture. This is perhaps due to the high affinity of acetonitrile for water molecules, resulting 
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in an unexpected increase of the Ra value as well as the HSP and Hildebrand solubility 
parameters and hence a slightly lower than expected production yield.43 
The colloidal stabilities of 2D MoO3 nanoflakes in different solvent mixtures are evaluated 
using zeta potential measurements. From Table S4, the zeta potential values for all mixtures 
are negative, in which the most negative is found in IPA/water mixture (-95.5 mV) while the 
least lowest is in NMP/water mixture (-7.54 mV). As the larger absolute zeta potential value 
indicates more electrostatically stability of the suspension,44 it is implied that the IPA/water 
mixture may be the most stable and NMP/water mixture is the least. Their long term 
stabilities will be discussed in detail in the later sections. 
3.2 Structural characterizations of 2D molybdenum oxide nanoflakes. XRD was utilized 
to assess the crystal structure of 2D molybdenum oxide flakes before and after solar 
irradiation in different mixtures (Figure S7). The XRD patterns show that the initial 2D 
molybdenum oxide nanoflakes are made of crystalline orthorhombic Mo17O47 in the 
NMP/water sample, while others are made of orthorhombic α-MoO3 (Figure S7).45 This 
observation was also confirmed by HRTEM and SAED patterns (Figure S8). However, after 
solar light illumination, some of the lattice fringes appear disordered after the solar 
illumination as a consequence of defect and oxygen vacancies generation upon the H+ 
intercalation, which confirmed the presence of polycrystalline ring SAED pattern in all 
mixtures (Figure S8).3, 22  
The Raman spectra of the molybdenum oxide flakes in different mixtures, before and after 
solar illumination, were also investigated (Figure 2a,c,e,g,i). Strong Raman peaks in the 
initial samples are observed at 280, 335, 666, 820 and 994 cm-1 in the ethanol/water sample 
(Figure 2g), which are all in good agreement with orthorhombic α-MoO3 phase (Note 2, 
Supporting Information).4, 24 For the acetonitrile/water, methanol/water and IPA/water 
samples (Figure 2c,e,i), an additional peak is observed at 962 cm-1 which can be assigned to 
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Mo=O stretching mode of slightly sub-stoichiometric MoO3-x.4, 6, 46 For the NMP/water 
sample (Figure 2a), traces of MoO3-x are also identified by two additional peaks at 440 and 
750 cm-1 due to the modification of the original Mo2–O bond.4, 6, 24, 46 From Raman analysis, 
the existence of some sub-stoichiometry in the initial 2D molybdenum oxide nanoflakes can 
be possibly due to the intercalation of H+ from the solvent in the presence of significant heat 
and force generated during the sonication process, which can eventually create oxygen 
vacancies.27, 47-48 The highest sub-stoichiometry is found in NMP/water sample, possibly due 
to the fact that NMP is a known oxygen scavenger,49-50 which contributes to increased 
oxygen removal compared to all other solvent mixtures evaluated in this study.49-50 
After exposure to solar light, the dominant Raman peaks appearing at 236, 483, 720 and 
820 cm-1 correspond to the formation of MoO3-x,24 while the intensity of the α-MoO3 Raman 
peaks gradually decrease in all samples (Figure 2a,c,e,g,i). The peaks at 236 cm-1 can be 
assigned to the doubly coordinated oxygen Mo2–O bending mode of MoO3-x, while the peaks 
at 483, 720 and 820 cm-1 can be assigned to Mo3–O, Mo2–O and Mo=O stretching modes, 
respectively.24, 46  
In addition to the Raman spectroscopy, XPS analysis was also conducted to further validate 
the sub-stoichiometry of the 2D nanoflakes before and after solar light illumination (Figure 
2b,d,f,h,j).The XPS analysis survey shows that there is no existence of impurities or 
organic species on the surface of the initial samples were observed from the residue of a 
liquid-based organic solvent-assisted grinding and sonication method (Figure S9). Moreover, 
the observed doublets in each of the initial samples centered at 232.58 and 235.48 eV are 
characteristic of fully-stoichiometric MoO3 and may be attributed to higher oxidation states 
of Mo6+ 3d5/2 and Mo6+ 3d3/2, respectively (Figure 2b,d,f,h,j).4, 6, 23 However, after the solar 
irradiation, doublet peaks centered at 231.38 eV for Mo5+ 3d5/2 and 234.38 eV for Mo5+ 3d3/2 
are detected for all samples, indicating the presence of MoO3-x (Figure 2b,d,f,h,j).4, 6  
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Figure 2. The Raman spectra of the 2D molybdenum oxide flakes before and after solar 
irradiation in (a) NMP/water, (c) acetonitrile/water, (e) methanol/water, (g) ethanol/water and 
(i) IPA/water mixtures. The corresponding XPS Mo3d spectra before and after solar 
irradiation in (b) NMP/water, (d) acetonitrile/water, (f) methanol/water, (h) ethanol/water and 
(j) IPA/water mixtures. 
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Figure 3a shows the electronic band structure of 2D molybdenum oxide flakes in different 
mixtures constructed using a combination of PESA, Tauc plot analysis, and valence 
photoemission spectroscopy both before and after solar light illumination (Note 3 in 
Supporting Information, Figures S10, S11 and S12, and Table S5). In contrast to the initial 
sample, solar light irradiation shifts the Fermi level (EF) upward towards the conduction band 
in all samples, which indicates the increase in the doping level arising from oxygen 
vacancies.22, 51 Furthermore, the bandgap energy (Eg) is slightly reduced in all samples 
(Figure 3a). Interestingly, the EF of 2D molybdenum oxide flakes in the NMP/water sample is 
higher than the conduction band minimum, which indicates its metallic properties are 
stronger than the other samples. Moreover, we believe because of the photo-excitation, the 
solvent oxidation is competing with the water oxidation, leading to reduced H+ intercalation.  
In order to explain the solvent oxidation mechanism, we classify the solvents in two groups: 
protic solvents, in which the molecules of the solvent are hydrogen bonded to each other 
including methanol, ethanol, IPA, and aprotic solvents, in which the molecules of the solvent 
are not hydrogen bonded to each other including NMP and acetonitrile.52 In protic solvents, 
IPA is the more easily oxidized than ethanol and methanol, which implies that water 
oxidation and H+ intercalation are of lower degrees for IPA in comparison to ethanol and 
methanol.53 This is because of the activation energy (Ea) (IPA < ethanol < methanol), wherein 
the lowest Ea value shows the best electro-oxidation activity.34 However, aprotic solvents 
such as NMP and acetonitrile are of limited strength for oxidation and water molecules are 
also less firmly bonded to those solvents.35-36 Moreover, NMP has the highest proton affinity 
(~920 kJ mol-1)54-56 and smallest proton dissociation lifetime.55-57 This leads to a higher 
degree of H+ intercalation process in NMP than acetonitrile. 
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Figure 3. (a) The assessed electronic band structure values of 2D molybdenum oxide samples 
before and after solar illumination in different mixtures. (b) The valence photoemission 
spectroscopy of the initial 2D molybdenum oxide samples in different mixtures. (c) The sub-
stoichiometric molybdenum oxide valence photoemission spectroscopy patterns in different 
mixtures after solar illumination.  
 
The free electron concentrations (N) per unit volume (cm-3) for different samples after solar 
light illumination are estimated from the Mo5+/Mo6+ area ratio in MoO3-x, which are extracted 
from the XPS measurements (Table 1). It is found that N increases for all samples upon solar 
light irradiation as the oxygen vacancies increase.58 Figure 3b shows the valence 
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photoemission spectra of sub-stoichiometric 2D molybdenum oxides at low binding energies 
before solar irradiation for different samples. However, after the solar light irradiation 
(introducing oxygen vacancies) a new occupied state appears within the Eg of MoO3-x, 
labeled d in Figure 3c.22  This defect state arises because an O2- ion is removed from the 
valence-band of MoO3-x.22, 58 The previously empty 4d band of MoO3 becomes partially 
occupied with electrons, giving rise to the defect band (1.28 eV below EF) which is enhanced 
in intensity by increasing the solar light irradiation duration (Figure 3c).22, 58 More 
importantly, such a defect band represents shallow donor states which donate free electrons 
into molybdenum oxide nanoflakes,58-60 resulting in the enhancement of free electron 
concentration of the nanoflakes and theoretically blue-shifting the plasmon resonance 
peaks in both thickness and lateral dimension axes of a 2D plasmonic system (detailed 
discussion will be presented in the later sections). 
 
TABLE 1. Estimated sub-stoichiometry, free electron concentrations and phases of 2D 
molybdenum oxide flakes for different mixtures upon 2 h of solar light irradiation. 
 
Mixtures 
 
 
XPS area ratio of 
(Mo5+/Mo6+) 
 
 
Sub-stoichiometric (x) 
of MoO3-x 
 
 
Estimated free electron 
concentration (N) (cm-3) 
 
 
Phases 
 
NMP/water 0.470 0.240 9.8 ×10
21
 MoO2.75 
Acetonitrile/water 0.375 0.187 7.35 ×10
21
 
 
MoO2.80 
 
Methanol/water 0.250 0.125 4.92 ×10
21
 
 
MoO2.875 
 
Ethanol/water 0.167 0.084 3.28 ×10
21
 
 
MoO2.90 
 
IPA/water 0.125 0.063 2.46 ×10
21
 
 
MoO2.937 
 
 
 
3.3 Plasmonic properties of 2D molybdenum oxide nanoflakes. The optical properties of 
the molybdenum oxide nanoflakes were investigated using UV-Vis-NIR spectroscopy. The 
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UV-Vis-NIR spectra of the initial samples are shown in Figure S13, with no obvious 
absorption peak in the visible light region for pristine 2D MoO3 flakes. However, after solar 
illumination (Figure 4 and Table S6), two broad absorption plasmonic peaks of different 
intensities appear in all mixtures.  
 
Figure 4. The UV-Vis-NIR absorbance spectra of the samples after solar light illumination in 
different solvent/water mixtures. 
 
For the IPA/water sample, a low intensity absorption peak is centered at 690 nm, while a high 
intensity peak is centered at 1000 nm. Remarkably, the intensities of those two absorption 
plasmon peaks decrease in the ethanol/water sample and are blue shifted to 680 and 990 nm, 
respectively. Moreover, a continuous decreasing trend in the intensities of these two peaks 
together with a blue shifting of ~10 nm in the methanol/water and acetonitrile/water samples 
are seen. However in the NMP/water sample, we can only observe one broad absorption peak 
with a relatively higher intensity in comparison to all other samples. This broad peak can be 
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fitted using Gaussian peak-fitting into two peaks centered at 630 and 900 nm, matching the 
previous blue shifting trend of the peaks (Figure 4). The existence of the absorption plasmon 
peaks confirms our Mie-Gans calculations (Note 4 in Supporting Information and Tables S7). 
The plasmon absorption peak response is known to be aspect ratio-dependent.4, 33, 61-62 We 
associate the peak with the low intensity ranged between 630 and 690 to the thickness 
(thickness axis) and the peak of the higher intensity (900-1000 nm) to the lateral dimension 
(lateral dimension axis). Nevertheless, according to Mie-Gans calculations, the variation in 
the plasmonic peaks with respect to the average aspect ratios of MoO3-x nanoflakes is almost 
the same for all samples. In this case, this can be due to strong dependency on the free 
electron concentration rather than aspect ratio of the flakes, in which the absorbance spectrum 
of the material (NMP/water) with larger electron concentration is blue-shifted compared to 
that with lower free electron concentration (IPA/water).61,63  
The extinction coefficients associated with both axes are high (ε > 109 L.mol-1.cm-1) for all 
solar light irradiated samples as shown in Table 2. The calculation of the extinction 
coefficients is described in details by the equations presented in Note 5 and Table S8 in 
Supporting Information. 
TABLE 2. The extinction coefficients of the thickness and lateral dimension axes of the 
samples in different mixtures after solar light irradiation. 
Mixtures λmax at the thickness axis (nm) εt (L.mol-1.cm-1) λmax at the lateral dimension axis (nm) εl (L.mol-1.cm-1) 
NMP/water 630 1.90 ×1011 900 2.45 ×1011 
Acetonitrile/water 660 3.54 ×1010 970 5.10 ×1010 
Methanol/water 670 1.77 ×1010 980 2.25 ×1010 
Ethanol/water 680 2.29 ×109 990 2.65 ×109 
IPA/water 690 1.85 ×109 1000 2.34 ×109 
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The long term stabilities of 2D MoO3-x suspension in different solvent mixtures after 3 
month storage at room temperature were investigated using Raman and UV-Vis-NIR 
spectroscopy. As shown in Figure S14, there is no significant alteration of Raman and 
absorbance spectra observed in ethanol/water and IPA/water mixtures. However, for the 
acetonitrile/water and methanol/water mixtures, their sub-stoichiometry are significantly 
lower as their Raman peaks at ~820 cm-1 related to full stoichiometry are enhanced and both 
plasmonic peaks exhibit red-shifts, indicating their oxygen vacancies are recombined over 
time. For the NMP/water sample, its plasmonic absorption peak is obviously narrowed while 
there is no significant difference can be found in its Raman peaks related to sub-
stoichiometry, possibly indicating its aspect ratio (lateral dimension over thickness in a 2D 
system) is altered over time. This is confirmed by the optical image (Figure S15) and AFM 
analysis (Figure S16), in which significant aggregation of the nanoflakes is observed possibly 
due to the relatively electrostatic instability in NMP/water sample (see the zeta potential 
values presented in Table S4).   
 
The relationship between the free electron concentration and the plasmonic resonance peak 
position was also confirmed by EELS.6, 64-65 Figure 5a-j shows the EELS spectra collected 
from the samples of 2D molybdenum oxides corresponding to STEM images before and after 
solar light illumination. A Gaussian peak-fitting technique is employed to extract the plasmon 
and the interband transition modes from the spectra shown in Figure 5a-j. For the initial 2D 
molybdenum oxide (Figure 5a,c,e,g,i), deconvoluted peaks centered at 5.4 eV 
(acetonitrile/water), 5.7 eV (ethanol/water), 6.4 eV (methanol/water) and 6.5 eV (NMP/water 
and IPA/water) appear which can be ascribed to interband transitions.6, 66 Prominent peaks 
centered between 12.2-15.8 and 24.5-26.8 eV are observed, which can be attributed to the 
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plasmon modes induced by valence electrons in outer atomic cells.6 Also, a broad peak 
centered at 36.5-37.7 eV and 49.6 eV can be assigned to the core-loss transition from Mo-4p 
excitation.6 An additional strong peak appears only after solar illumination for all samples 
that centered at 7.5 eV (NMP/water), 6.7 eV (acetonitrile/water), 5.7 eV (methanol/water), 
4.4 eV (ethanol/water) and 4 eV (IPA/water), which can be attributed to the bulk plasmon 
resonance originating from the generated free electrons in the presence of oxygen vacancies 
(Figure 5b,d,f,h,j and Table S9).  
This can be further validated by the theoretical calculations for the bulk plasmon peak 
energies using the free electron gas model, expressed as follows:6 
                                                         Ep =ћ �
𝑁𝑒2
𝜀𝑜 𝑚𝑒                                                                 (4)        
where ħ is the reduced Planck constant, the free electron concentration (N) is presented in 
Table 1, e is the elementary charge, εo is the permittivity of free space and me is the effective 
mass of electrons (Note 4, Supporting Information). The highest value of the bulk plasmon 
peak mode position of 2D molybdenum oxide flakes is seen in the NMP/water sample, which 
correlates to the highest free electron concentration and strongest sub-stoichiometric level (x), 
while the lowest value is noted from the IPA/water sample, which correlates to the lowest 
free electron concentration (fewer oxygen vacancies) (Figure S17).  
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Figure 5. The EELS spectra of the initial 2D nanoflakes in (a) NMP/water, (c) 
acetonitrile/water, (e) methanol/water, (g) ethanol/water and (i) IPA/water mixtures with the 
corresponding STEM images in inset. The EELS spectra of the 2D nanoflakes after solar 
light illumination in (b) NMP/water, (d) acetonitrile/water, (f) methanol/water, (h) 
ethanol/water and (j) IPA/water mixtures with corresponding STEM images in inset. The 
plural scattering (multiple plasmon resonances) were removed in these graphs to eliminate 
the thickness effect. 
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3.4 Plasmonic biosensing application.  
In order to further explore the applicability of our 2D plasmonic molybdenum oxide flakes, 
an optical biosensing system was devised in which BSA was used as a model protein for 
assessing the sensitivity. We have previously shown that BSA had a very high affinity to 
molybdenum oxide and was readily immobilized onto the surface of the flakes.4 Suspended 
sub-stoichiometric 2D flakes in different mixtures were used in these experiments. BSA 
immobilization on the oxide surface is achieved via collective van der Waals’ forces and 
electrostatic interactions between the protein functional groups and the surface of flakes.4, 67-
68 The negatively charged immobilized BSA repels the free electrons present at the 
nanoflakes surface.4 This leads to a decrease in the free electron density near the surface of 
the flakes, hence altering the plasmonic properties of 2D molybdenum oxide flakes.4 As 
observed in Figure S14, upon the exposure to BSA of the concentration of 0.25 mg mL-1, the 
intensities of thickness-axis plasmonic peaks are reduced for all the samples but no obvious 
peak shift is seen. Figure 6a represents the response factor trend in different mixtures, and the 
response factor is defined as the ratio of 2D molybdenum oxide plasmonic peak intensity 
before BSA exposure over the peak intensity after BSA exposure. The highest response factor 
is found in the IPA/water sample that has the lowest free electron concentration and smallest 
flake size, while the lowest response factor is in NMP/water sample that correlates to the 
highest free electron concentration and largest flake size (Table S10). This is rationalized 
since the smaller sized nanoflakes produces a more confined electromagnetic field, making it 
more sensitive to BSA molecules.33 Upon the increase of BSA concentration (Figure 6b and 
Figure S18), both the NMP/water and acetonitrile/water mixtures have a linear increase of the 
BSA response factors for up to 10 mg mL-1. For other mixtures, the linear responses increase 
at higher rates but become non-linear beyond the concentration of 5 mg mL-1.  
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Figure 6. (a) BSA response factors of the 2D molybdenum oxide biosensors based on 
different mixtures corresponding to thickness axis. BSA of 0.25 mg mL−1 is used in the 
measurements. (b) The corresponding BSA response factors of the biosensor as a function of 
the BSA concentration (0.25, 2.5, 5 and 10 mg mL−1). The BSA response factors values are 
extracted from Figure S18. 
 
It is seen that the reduction in the intensity of the lateral-dimension-axis plasmonic peaks 
upon the BSA exposure are much more significant than those of thickness-axis related peaks 
for all samples since the lateral-dimension-axis plasmonic peaks here nearly disappear. This 
observation is similar to the plasmonic biosensing performances observed in one-dimension 
gold nanorods, where the plasmon absorption peak corresponding to longitudinal band of the 
nanorods is more sensitive to surface adsorptive changes than that of the transverse band.69-70 
The structural stability of 2D MoO3-x nanoflakes after BSA exposure was investigated by the 
Raman spectroscopy. Figure S19 reveals that after the exposure of BSA, the main Mo-O 
stretching Raman peaks of sub-stoichiometric molybdenum oxide in the region between 600 
and 1000 cm-1 mostly remain for all mixtures, although there are significantly broaden 
possibly due to the organic interference from BSA. This indicates that the crystal structure of 
the 2D nanoflakes is not significantly altered upon the exposure of bio-spices. 
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4. CONCLUSIONS 
In liquid phase exfoliation of 2D molybdenum oxide flakes, we showed the surface energy 
and solubility of solvent/water mixtures played important roles in modifying the thickness, 
lateral dimension and production yield. Upon photo-excitation of the exfoliated 2D 
molybdenum oxide samples by simulated solar light, water oxidation and H+ intercalation of 
the flakes occurred. In protic solvents, solvent oxidation competition for water oxidation led 
to a reduced degree of the photo intercalation process. However, in aprotic solvents, the 
solvent oxidation reaction was relatively limited and the water oxidation reaction and photo 
H+ intercalation occurred with higher degrees. Increase in proton intercalation in 2D 
molybdenum oxide nanoflakes resulted in a significant increase in their free electron 
concentrations and change in their sub-stoichiometry. We observed that two plasmon 
resonance peaks emerged for each sample. These plasmon resonance peaks of the 2D 
molybdenum oxide nanoflakes were tunable in the visible range, depending on the choice of 
the exfoliation solvent. The plasmonic peak shifts were strongly dependent on free electron 
concentrations in the nanoflakes rather than their thickness and lateral dimensions. 
Additionally, 2D molybdenum oxide nanoflakes in all mixtures showed very high extinction 
coefficients in the order of ε > 109 L.mol-1.cm-1. Finally, biosensing capability of plasmonic 
2D molybdenum oxide nanoflake samples was demonstrated using BSA as a model protein. 
Altogether, the process presented in this paper was introduced as an efficient method for 
producing and tuning 2D flakes with plasmonic properties that will have future applications 
in many sensing and optical platforms. 
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